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Myofibroblast activation is a key event playing a crit-
ical role in the progression of chronic renal disease.
Emerging evidence suggests that myofibroblasts can
derive from tubular epithelial cells by an epithelial to
mesenchymal transition (EMT); however, the details
regarding the conversion between these two cell
types are poorly understood. Here we dissect the key
events during the process of EMT induced by trans-
forming growth factor-�1. Incubation of human tubu-
lar epithelial cells with transforming growth fac-
tor-�1 induced de novo expression of �-smooth
muscle actin, loss of epithelial marker E-cadherin,
transformation of myofibroblastic morphology, and
production of interstitial matrix. Time-course studies
revealed that loss of E-cadherin was an early event
that preceded other alterations during EMT. The
transformed cells secreted a large amount of matrix
metalloproteinase-2 that specifically degraded tubular
basement membrane. They also exhibited an en-
hanced motility and invasive capacity. These alter-
ations in epithelial phenotypes in vitro were essen-
tially recapitulated in a mouse model of renal fibrosis
induced by unilateral ureteral obstruction. Hence,
these results indicate that tubular epithelial to myofi-
broblast transition is an orchestrated, highly regu-
lated process involving four key steps including: 1)
loss of epithelial cell adhesion, 2) de novo �-smooth
muscle actin expression and actin reorganization, 3)
disruption of tubular basement membrane, and 4)
enhanced cell migration and invasion. (Am J Pathol
2001, 159:1465–1475)

Progression of chronic renal disease is considered to be
an irreversible process that eventually leads to end-stage
renal failure characterized by wide-spread tissue fibro-
sis.1–3 Regardless of the initial causes, renal fibrosis is
characterized by massive interstitial myofibroblast acti-
vation that is believed to play a central role in the patho-
genesis of renal interstitial fibrosis.4–6 Although the exact
origins of these �-smooth muscle actin (�-SMA)-positive
myofibroblasts remain uncertain,7–9 emerging evidence
suggests that they may derive from tubular epithelial cells

by an epithelial to mesenchymal transition (EMT) process
under pathological conditions.10–12 However, the details
regarding the conversion between these two distinct
types of cells are poorly defined.

Because tubular epithelial cells and interstitial myofi-
broblasts dramatically differ in their morphology and phe-
notypes, and are located in separated tissue compart-
ments within the kidneys, one can envision that there
have to be remarkable alterations in the expression of
many sets of genes to make this phenotypic conversion
possible. Indeed, previous studies have identified altered
expression patterns of several genes such as �-SMA and
fibroblast-specific protein-1 (Fsp1) during tubular epithe-
lial to myofibroblast transition (EMT).13,14 However, the
cause-effect relationship of these changes in EMT as well
as the key events during the entire EMT course at cellular
level remain to be fascinating unanswered questions.

Given the fact that several key obstacles have to be
overcome to make epithelial to myofibroblast transition
possible, we propose that tubular epithelial to myofibro-
blast transition at the cellular level is likely a step-wise
process involving several crucial events that eventually
lead to the completion of the entire course. It is conceiv-
able that these tubular epithelial cells lose the key epi-
thelial cell markers that make them epithelium in the first
place, while acquiring de novo expression of myofibro-
blastic markers that define their newly adapted morphol-
ogy and phenotypes. Likewise, these cells have to find a
way to pass across the tubular basement membrane
(TBM) that surrounds the renal tubule and finally enter
their newly found home, the interstitial compartments of
the kidneys.

In this study, we attempt to decipher the key events
controlling the tubular epithelial to myofibroblast transi-
tion both in vitro and in vivo. Our data suggest that the
entire EMT process consists of several key steps that
depend on hyperactive transforming growth factor
(TGF)-�1 signaling.
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Materials and Methods

Cell Culture and Treatment

Human proximal tubular epithelial cells (HKC-8) were
kindly provided by Dr. L. Racusen of Johns Hopkins
University.15 Cells were cultured in Dulbecco’s modified
Eagle’s medium-F12 medium supplemented with 5% fe-
tal bovine serum (Life Technologies, Inc., Grand Island,
NY).16 For cytokine treatment, HKC cells were seeded at
�70% confluence in complete medium containing 5%
fetal bovine serum. Twenty-four hours later, the cells were
changed to serum-free medium, and recombinant
TGF-�1 (R & D Systems, Minneapolis, MN) was added at
a final concentration of 4 ng/ml except where otherwise
indicated. The cells and conditioned media were col-
lected at different time points for further characterization.

Animal Model

Male CD-1 mice weighing 20 to 22 g were obtained from
Harlan Sprague-Dawley (Indianapolis, IN). Unilateral ure-
teral obstruction (UUO) was performed using an estab-
lished procedure.17 Briefly, under general anesthesia,
complete ureteral obstruction was performed by double-
ligating the left ureter using 4-0 silk after a midline ab-
dominal incision. Sham-operated mice had their ureters
exposed, manipulated but not ligated. Mice were sacri-
ficed at different time points as indicated after surgery,
and the kidneys were removed. One part of the kidneys
was fixed in 10% phosphate-buffered formalin followed
by paraffin embedding for histological and immunohisto-
chemical studies. The remaining kidneys were snap-fro-
zen in liquid nitrogen and stored at �80°C for protein
extractions.

Western Immunoblot Analysis

HKC cells and cytokine-treated cells were lysed with
sodium dodecyl sulfate (SDS) sample buffer (62.5

mmol/L Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 50
mmol/L dithiothreitol, and 0.1% bromophenol blue). Kid-
ney tissue was homogenized by a polytron homogenizer
(Brinkmann Instruments, Westbury, NY) and the super-
natant was collected after centrifugation at 13,000 � g at
4°C for 20 minutes, as described previously.18 After pro-
tein concentration was determined using a bicinchoninic
acid protein assay kit (Sigma Chemical Co., St. Louis,
MO), the tissue lysate was mixed with an equal amount
2� SDS sample buffer. Samples were heated at 100°C
for �5 to 10 minutes before loading and separated on
precasted 10% SDS-polyacrylamide gels (Bio-Rad, Her-
cules, CA). The proteins were electrotransferred to a
nitrocellulose membrane (Amersham, Arlington Heights,
IL) in transfer buffer containing 48 mmol/L Tris-HCl, 39
mmol/L glycine, 0.037% SDS, and 20% methanol at 4°C
for 1 hour. Nonspecific binding to the membrane was
blocked for 1 hour at room temperature with 5% Carna-
tion nonfat milk in TBS buffer (20 mmol/L Tris-HCl, 150
mmol/L NaCl, and 0.1% Tween 20). The membranes
were incubated for 16 hours at 4°C with various primary
antibodies in TBS buffer containing 5% milk at the dilu-

Figure 1. TGF-�1 induces de novo expression of �-SMA in tubular epithelial
cells. HKC cells treated without (control) or with different amounts of
TGF-�1 for 72 hours in serum-free medium. The whole cell lysate was
immunoblotted with a specific �-SMA antibody. The same blot was reprobed
with �-actin to ensure equal loading of each lane.

Figure 2. Tubular epithelial to myofibroblast transition in vitro. HKC cells
treated without (left column) or with 4 ng/ml of TGF-�1 (right column)
for 72 hours in serum-free medium. The myofibroblast or epithelial cell
markers were detected by an indirect immunostaining. The transformed cells
acquired �-SMA (A, B), lost E-cadherin (C, D), formed stress fiber by actin
reorganization (E, F), and displayed myofibroblast morphology (G, H). Scale
bars: 10 �m (A–F), 20 �m (G and H).
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tions specified by the manufacturers. The monoclonal
�-SMA antibody was purchased from Sigma Chemical
Co. The antibody for E-cadherin was obtained from Trans-
duction Laboratories (Lexington, KY). The antibody
against �-actin was purchased from Santa Cruz Bio-
chemicals (Santa Cruz, CA). The anti-human matrix metal-
loproteinase (MMP)-2 antibody was purchased from On-
cogene Research Products (Cambridge, MA). Binding of
primary antibodies was followed by incubation for 1 hour
at room temperature with the secondary horseradish per-
oxidase-conjugated IgG in 1% nonfat milk. The signals
were visualized by the enhanced chemiluminescence
system (ECL, Amersham), as described previously.18

Immunostaining

Indirect immunofluorescence staining was performed us-
ing an established procedure on HKC cells cultured on
coverslips. Briefly, control or cytokine-treated HKC cells
were washed with cold phosphate-buffered saline (PBS)
twice, and fixed with cold methanol:acetone (1:1) for 10
minutes on ice. After extensive washing with PBS con-
taining 0.5% bovine serum albumin, the cells were
blocked with 20% normal donkey serum in PBS buffer for
30 minutes at room temperature, and then incubated with
specific primary antibodies described above, except the
rat monoclonal anti-E-cadherin (clone DECMA-1) that
was obtained from Sigma. The cells were then routinely
stained with fluorescein isothiocyanate-conjugated sec-
ondary antibodies (Sigma). Cells were also stained with
4�,6-diamidino-2-phenylindole, HCl to visualize the nu-
clei. For visualizing F-actin, cells were stained with tetra-
methylrhodamine isothiocyanate-conjugated phalloidin
(Sigma). Stained cells were mounted with anti-fade
mounting medium (Vector Laboratories, Burlingame, CA)
and viewed on a Nikon Eclipse E600 Epi-fluorescence
microscope (Nikon, Melville, NY). For immunostaining re-
nal tissue, kidney sections from paraffin-embedded tis-
sues were prepared at 4-�m thickness using a routine
procedure.10 Immunohistochemical localization was per-
formed using the Vector M.O.M. immunodetection kit
(Vector Laboratories). The primary antibodies used were
anti-E-cadherin and anti-�-SMA (Sigma), anti-TGF-�1
and anti-TGF-� type I receptor (Santa Cruz Biochemi-
cals). As a negative control, the primary antibody was
replaced with either nonimmune mouse or rabbit IgG,
corresponding to species of the primary antibodies.

Gelatin Zymographic Analysis

Zymographic analysis of the MMP proteolytic activity in
the supernatant of cultured cells or kidney tissue homog-
enates was performed according to the method de-
scribed previously.10,19 Briefly, an equal number of the
HKC cells were seeded on 6-well plates at a density of
4 � 105/well in Dulbecco’s modified Eagle’s medium-F12
medium containing 5% fetal bovine serum. Twenty-four
hours later, culture medium was changed to 0.7 ml of
serum-free medium, and TGF-�1 was added to the cul-
tures. At different time points as indicated, conditioned
media were collected and centrifuged at 13,000 � g for 5
minutes to remove any cell debris. The protein concen-
tration was determined using a protein assay kit with
bovine serum albumin as a standard (Sigma). Kidney
tissue homogenates were prepared essentially accord-
ing to the methods described by Kim and colleagues.19 A
constant amount of protein from the conditioned media
(15 �g) or kidney tissue homogenates (30 �g) was
loaded into 10% SDS-polyacrylamide gel containing 1
mg/ml gelatin (Bio-Rad). After electrophoresis, SDS was
removed from the gel by incubation in 2.5% Triton X-100
at room temperature for 30 minutes with gentle shaking.
The gel was washed well with distilled water to remove
detergent and incubated at 37°C for �16 to 36 hours in a

Figure 3. Loss of E-cadherin is an early event during epithelial to myofi-
broblast transition. HKC cells were treated with TGF-�1 for various
periods of time as indicated in serum-free medium. The whole cell lysate
was immunoblotted with antibodies against �-SMA, E-cadherin, and �-ac-
tin, respectively. A: Time-course of E-cadherin expression. B: Time-
dependency of �-SMA expression. C: Graphic presentation of the relative
abundance of E-cadherin and �-SMA after TGF-�1-induced cell pheno-
typic transition.
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developing buffer containing 50 mmol/L Tris-HCl, pH 7.6,
0.2 mol/L NaCl, 5 mmol/L CaCl2, and 0.02% Brij 35. The gel
was then stained with a solution of 30% methanol, 10%
glacial acetic acid, and 0.5% Coomassie Blue G250, fol-
lowed by destaining in the same solution without dye. Pro-
teinase activity was detected as unstained bands on a blue
background representing areas of gelatin digestion.

Determination of Basement Membrane Integrity
by Bacterial Translocation

Bacterial translocation was performed for evaluating TBM
integrity using a two-compartment Boyden chamber with
transwell filters containing 3-�m diameter pores (Corning
Co., Corning, NY). Matrigel (Becton Dickinson Labware,
Bedford, MA), a solubilized basement membrane matrix
consisting of laminin (56%), collagen IV (31%), entactin
(8%), and heparan sulfate proteoglycan (perlecan), was
added onto the transwell filters to form matrix gels at 37°C
that essentially reconstitute the TBM in vivo.20 Matrigel at
a concentration of 22 �g/cm2 produced a matrix gel layer
at 15-�m depth, which represents 100-fold thickness of
native TBM (150 nm).21 Preliminary studies showed that
the matrix gel on the transwell filters maintained its struc-
tural integrity for �7 days at 37°C that completely
blocked bacterial translocation through the gel (data not
shown). The transwell filters with the Matrigel were then
incubated with the conditioned media (rich in MMP-2)
from HKC cells treated with or without TGF-�1 at 37°C for
4 days. Escherichia coli DH5� (Life Technologies) was
grown in Luria Broth (LB) medium at 37°C overnight and

bacterial concentration was estimated by reading at an
optical density of 600 nm with 1 optical density equivalent
to 109 bacteria/ml.22 Approximately 108 bacteria in 100 �l
were added to the upper compartment of the Boyden
chamber in a final volume of 400 �l. Aliquots (20 �l) were
removed at 0.5 and 2 hours, respectively, from the bot-
tom compartment of the chamber containing 1 ml of
media. Dilutions from each aliquot were plated on LB
agar plates and incubated at 37°C for 16 hours and
colonies were counted. The entire experiments were per-
formed in triplicate for each time points per treatment.

Boyden Chamber Motility Assay

Cell motility and migration were evaluated using Boyden
chamber motogenicity assay with tissue culture-treated
transwell filters (Costar).23 HKC cells (1 � 104) were
seeded onto the filters (8-�m pore size, 0.33-cm2 growth
area) in the top compartment of the chamber. After 2 or 5
days of incubation with or without TGF-�1 at 37°C, filters
were fixed with 3% paraformaldehyde in PBS, and stained
with 0.1% Coomassie Blue in 10% methanol and 10% actic
acid, and the upper surface of the filters was carefully wiped
with a cotton-tipped applicator. Cells that passed through
the pores were counted in five nonoverlapping �20 fields
and photographed with a Nikon microscope.

Matrigel Invasion Assay

Matrigel (1.43 mg/cm2) was added onto the transwell
filters (8-�m pore size, 0.33-cm2 growth area) of the

Figure 4. TGF-�1 induces MMP expression in tubular epithelial cells. A and B: Zymographic analysis of the conditioned media derived from HKC cells treated
without (control) or with different amounts of TGF-�1 for various periods of time as indicated. Samples equalized for protein content were separated on a 10%
SDS-polyacrylamide gel containing 0.1% gelatin. Proteolytic activity is demonstrated by digestion of gelatin, resulting in the bands of clearing. The locations of
bands corresponding to pro- and active MMP-2 as well as pro- and active MMP-9 are indicated. C and D: Western blot analyses of the conditioned media from
HKC cells treated without (control) or with various concentration of TGF-�1 for different periods of time in the serum-free medium. The location of a 72-kd band
corresponding to MMP-2 is indicated. A and C: HKC cells were incubated with different concentrations of TGF-�1 as indicated for 72 hours. B and D: HKC cells
were incubated with 2 ng/ml of TGF-�1 for various periods of time as indicated.
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Boyden chamber to form matrix gels at 1.0-mm depth.
HKC cells (1 � 104) in a volume of 100 �l were added
onto the top of the gels. After 2 and 5 days of incubation
with or without TGF-�1 at 37°C, filters were fixed with 3%
paraformaldehyde in PBS, and stained with 0.1% Coo-
massie Blue in 10% methanol and 10% actic acid, and
the upper surface of the filters was carefully wiped with a
cotton-tipped applicator. Cells that invaded and migrated
across the Matrigel and passed the transwell filter pores
toward the lower surface of the filters were counted in five
nonoverlapping �10 fields. The experiments were per-
formed in triplicate cultures.

Determination of Tissue TGF-�1 Levels by
Enzyme-Linked Immunosorbent Assay

For measurement of tissue TGF-�1 level, kidneys were
homogenized in the extraction buffer containing 20
mmol/L Tris-HCl, pH 7.5, 2 mol/L NaCl, 0.1% Tween-80, 1
mmol/L ethylenediaminetetraacetic acid, and 1 mmol/L
phenylmethyl sulfonyl fluoride, and the supernatant was
recovered after centrifugation at 19,000 � g for 20 min-
utes at 4°C. Kidney tissue TGF-�1 level was determined
by using a commercial Quantikine TGF-�1 enzyme-linked
immunosorbent assay kit in accordance with the protocol

specified by the manufacturer (R & D Systems). This kit
measures the abundance of active TGF-�1 protein that
binds to its soluble type II receptor precoated onto a
microplate. The concentration of tissue TGF-�1 in kid-
neys was expressed as pg/mg total protein.

Statistical Analysis

All data examined were expressed as mean � SE. For
Western blot analysis, quantitation was performed by
scanning and analyzing the intensity of the hybridization
signals using NIH Imagine software. Statistical analysis of
the data were performed by the Student-Newman-Keuls
test using SigmaStat software (Jandel Scientific, San
Rafael CA). A P value �0.05 was considered to be sta-
tistically significant.

Results

TGF-�1 Induces Tubular Epithelial to
Myofibroblast Transition in Vitro

To demonstrate tubular epithelial to myofibroblast transi-
tion in vitro, we examined the de novo expression of
�-SMA, a phenotypic marker for myofibroblast cells, in
human renal tubular epithelial cells (HKC). As shown in
Figure 1, incubation of HKC cells with TGF-�1 induced
abundant expression of �-SMA protein. Dose-depen-
dence studies revealed that TGF-�1 was able to induce
�-SMA at a concentration as low as 0.1 ng/ml, suggesting
that this induction is readily achievable in vivo under
pathological conditions. The induction of �-SMA expres-
sion in tubular epithelial cells reached a plateau when
TGF-�1 was �2 ng/ml.

Figure 2 shows the phenotypic conversion of tubular
epithelial cells after TGF-�1 treatment. The transformed
cells displayed the presence of abundant �-SMA-positive
microfilaments in the cytoplasm. Meanwhile, they totally
lost the staining of E-cadherin, an epithelial marker that is
essential for the structural integrity of renal epithelium
(Figure 2). We observed dramatic alteration in the orga-
nization of actin cytoskeleton. The transformed cells un-
derwent F-actin reorganization to form long stress fibers
(Figure 2). Consistent with these actin reorganizations
that often define cell morphology, the transformed cells
lost the typical cobblestone pattern of an epithelial mono-
layer, and displayed a spindle-shape, fibroblast-like mor-
phology (Figure 2). In addition, TGF-�1-treated cells ex-
pressed vimentin, a marker of mesenchymal cells, and
began to markedly produce fibronectin and collagen I
(data not shown). All together, these data suggest that
tubular epithelial cells, under appropriate stimulus, un-
dergo a conversion process into myofibroblasts in vitro.

Loss of E-Cadherin Expression Is an Early Event
during Epithelial to Myofibroblast Conversion

To identify the early event essential for epithelial to myo-
fibroblast conversion, we investigated the time course of

Figure 5. Functional disruption of the reconstituted TBM by the conditioned
media from the transformed cells. Matrigels (15-�m depth) analogous to native
TBM matrix were formed on the transwell filters and incubated with the condi-
tioned media from either control or TGF-�1-treated HKC cells for 4 days. The
integrity of Matrigels was assessed by bacterial translocation through the gels. A
and B: Representative plates show the colonies formed from the bacteria passed
through the Matrigels. C: Graphic presentation of the numbers of bacteria
translocated via the gels. **, P � 0.01 versus control (n � 3).
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the gene expression after TGF-�1 treatment. As shown in
Figure 3, we found that loss of E-cadherin expression was
an early event that took place as early as 6 hours af-
ter TGF-�1 treatment, whereas induction of de novo expres-
sion of �-SMA was a delayed response requiring 36 hours
of incubation (Figure 3). Other changes in cell phenotype
such as induced vimentin and fibronectin expression as
well as morphological transformation also required longer
periods of persistent incubation with TGF-�1 ranging from 2
to 5 days (data not shown). These results establish that loss
of E-cadherin expression probably is an early event, which
allows dissociation of structural integrity of renal epithelia
and collapse of epithelial polarity.

Up-Regulation of MMP-2 Expression and Its
Role in Disrupting Tubular Basement Membrane

To gain insights into the mechanism underlying the de-
struction of TBM in vivo, we examined the expression
pattern of MMPs during TGF-�1-induced EMT. Zymo-
graphic analysis of conditioned media exhibited that
TGF-�1 induced a marked increase in MMP-2 expression
and secretion in a dose-dependent manner (Figure 4A).
TGF-�1 not only induced pro-MMP-2 abundance, but
also stimulated activation of pro-MMP-2, as demon-
strated by increased abundance of active MMP-2 in the
conditioned media. Time-course studies revealed that

this induction was also a delayed response that took
place after 48 hours of incubation with TGF-�1 (Figure
4B). TGF-�1 also marginally increased MMP-9 activation,
as demonstrated by an increase in active MMP-9 abun-
dance in zymographic gels (Figure 4A). The induction of
MMP-2 expression by TGF-�1 in tubular epithelial cells
was independently confirmed by Western blot analyses
of the conditioned media (Figure 4).

To directly demonstrate whether the increased expres-
sion of MMP-2 is responsible for disrupting the structural
and functional integrity of TBM, we examined the ability of
conditioned media derived from the transformed cells to
degrade Matrigels that essentially reconstitute the native
TBM.24–26 As shown in Figure 5, incubation of Matrigels
with conditioned media derived from TGF-�1-treated cells
markedly disrupted the integrity of basement membrane
matrix. Bacterial translocation experiments revealed that
there was little resistance for bacteria to translocate from the
upper to the bottom compartments of the Boyden chamber
across the matrix gels and 3-�m pores on the transwell
filters (Figure 5), suggesting that the integrity of Matrigels is
impaired, presumably because of the degradation by
MMP-2 that is rich in the conditioned media. However,
under the same conditions, bacterial translocation was pri-
marily blocked when the Matrigels were incubated with
conditioned media from control HKC cells (Figure 5).

Figure 6. Enhanced migration of the transformed cells. HKC cells were seeded on the transwell filters of Boyden chamber (pore size, 8 �m) and incubated with
or without TGF-�1 for 2 and 5 days, respectively. The cells or cell extensions that passed through the pores of filters were counted after staining. A–C: Most pores
of the transwell filters were filled with cell extensions after incubation with TGF-�1 for 2 days, but no cells migrated through the pores to the opposite side of
filters. D–F: After incubation with TGF-�1 for 5 days, the transformed cells migrated through the pores to the opposite side of filters. A, B, D, E: Representative
micrographs of the transwell filters. C and F: Graphic presentation of the numbers of cells or cell extensions migrated through the pores of the filters after
incubation with or without TGF-�1 for 2 and 5 days, respectively. **, P � 0.01 versus control (n � 3).
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Enhanced Motility and Invasive Capacity of the
Transformed Cells

To understand how the transformed cells migrate and
finally enter the interstitial compartment in vivo, we stud-
ied the motility of transformed cells by Boyden chamber
assay. As shown in Figure 6, incubation of HKC cells with
TGF-�1 for 2 days began to induce cell migration across
the pores of the transwell filters. Approximately 50% of
the pores in transwell filters were filled with cell exten-
sions after 2 days of TGF-�1 treatment, but no cells truly
migrated through the pores of filters toward the opposite
side of the filters at this stage (Figure 6). However, the
control HKC cells had barely started to move toward the
pores of transwell filters after the same period of incuba-
tion. After 5 days of incubation, increased numbers of the
cells in TGF-�1-treated groups actually migrated across
the pores to the lower surface of the filters, compared to
that in control groups (Figure 6).

We next analyzed the invasive capacity of transformed
cells by a Matrigel invasion assay. Because the cells
were seeded on the top of Matrigel, migration of the
transformed cells toward the pores of transwell filters
theoretically had to result from both degradation of Ma-
trigel and enhanced motility. As shown in Figure 7, incu-
bation of HKC cells with TGF-�1 for 5 days markedly
promoted cell invasion into and migration across the
Matrigel. Most pores in transwell filters were filled with cell
extensions after 5 days of incubation with TGF-�1, which
resulted from the cells invading and migrating across the
Matrigels (Figure 7). Under the same conditions, control
HKC cells, without TGF-�1 treatment, displayed a much
less invasive property in this assay (Figure 7). These data
suggest that tubular epithelial cells on stimulation by
TGF-�1 acquire new properties that are able to disrupt
TBM matrix and invade and migrate through the Matrigel,
which presumably allow them to move across the TBM
and ultimately to enter the interstitial compartments of the
kidney in vivo.

Tubular Epithelial to Myofibroblast Transition in
Vivo

To demonstrate tubular epithelial to myofibroblast con-
version in vivo under pathological conditions, we exam-
ined the kidneys of mice with chronic renal disease in-
duced by UUO. As shown in Figure 8, a rapid and
marked induction of both TGF-�1 and its type I receptor
(T�R-I) was observed in the obstructed kidneys as early
as 1 day after UUO, as demonstrated quantitatively by
enzyme-linked immunosorbent assay and Western blot
analyses. Immunohistochemical localization studies re-
vealed that the expression of TGF-�1 and T�R-I was
specifically induced in renal tubular epithelia of the ob-
structed kidneys (Figure 8). This rapid, tubule-specific
induction of TGF-�1 axis clearly precedes the phenotypic
changes observed in the obstructed kidneys in this
model (see below), suggesting that hyperactive TGF-�1
signaling in vivo specifically targets renal tubules and its

induction is early enough for initiating epithelial to myofi-
broblast transition under pathological conditions.

We observed dramatic changes in renal tubular epi-
thelial cell phenotypes after UUO, with complete loss of
E-cadherin expression and de novo expression of �-SMA
(Figure 9). There was a reciprocally inverse correlation
between the loss of E-cadherin and de novo expression of
�-SMA in the obstructed kidneys. These alterations in cell
phenotypes after UUO were coinciding with an increase
in TBM-degrading enzymes in these kidneys (Figure 10).
Zymographic analysis of whole kidney lysates revealed
that MMP-2 and MMP-9 expressions were dramatically
increased in a time-dependent manner (Figure 10). All
together, these data essentially recapitulate our in vitro
findings and suggest that tubular epithelial to myofibro-
blast conversion occurs in vivo as well, and presumably
plays an important role in the pathogenesis of renal in-
terstitial fibrosis.

Figure 7. Increased invasive capacity of the transformed cells on Matrigel.
HKC cells were seeded on the top of Matrigels in the transwell filters of the
Boyden chamber and incubated with or without TGF-�1 for 2 and 5 days,
respectively. The cell extensions that migrated across the Matrigels and
passed through the pores of filters were counted after staining. A and B:
Representative micrographs show the pores of the transwell filters filled with
cell extensions after incubation without or with TGF-�1 for 5 days. C:
Graphic presentation of the numbers of pores filled with cell extensions after
incubation with or without TGF-�1 for 2 and 5 days, respectively. **, P � 0.01
versus control (n � 3).
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Discussion

Although tubular epithelial to myofibroblast conversion
may require a sequential activation and repression of the
expression of many sets of genes in a coordinated way,
we hypothesized that, at cellular level, several key events
(or steps) could be both necessary and sufficient for the
completion of the entire EMT process in vivo. In this re-
port, using cultured tubular epithelial cells as a model
system, we have identified the four key steps that are
crucial in the process of tubular epithelial to myofibro-
blast transition. As illustrated in Figure 11, these four key
events include: 1) loss of epithelial adhesion properties,
2) de novo expression of �-SMA and actin reorganization,
3) disruption of the TBM, and 4) enhanced cell migration
and invasion. TGF-�1, a well-characterized pro-fibro-
genic cytokine,27,28 is capable of inducing tubular epi-
thelial cells to undergo all four steps, and thereby, leads

to the completion of the entire EMT course. Our data
establish that EMT is an orchestrated, step-wise process
that depends on hyperactive TGF-�1 signaling and pro-
vide novel insights into the mechanism underlying the
myofibroblast activation under pathological conditions.

Alterations in the expression of many genes have been
identified during epithelial to mesenchymal conver-
sion.29,30 For instance, the transformed cells acquire de
novo expression of �-SMA and Fsp1.13,14 However, it
remains to be one of the greatest challenges to distin-
guish those changes playing a key role in EMT from those
just associated with it. Because TGF-�1 rapidly sup-
presses E-cadherin expression in cultured tubular epithe-
lial cells, it is conceivable that loss of epithelial adhesion
properties is an early important step that precedes all
other major events such as induction of �-SMA and
MMP-2 expression. Because E-cadherin, the well-char-

Figure 8. Expression of both TGF-�1 and its type I receptor increases rapidly and specifically in renal tubular epithelia in mouse model of renal interstitial fibrosis
induced by UUO. A: Western blot demonstrates an early induction of TGF-� type I receptor expression in the obstructed kidneys after UUO. Representative picture
shows the immunoblotting results of two animals per time point. Marked T�R-I elevation was observed as early as 1 day after UUO. B: Quantitative determination
of TGF-�1 protein by enzyme-linked immunosorbent assay reveals a time-dependent induction of TGF-�1 in the obstructed kidneys. Data are presented as
mean � SE from four animals per group. *, P � 0.05; **, P � 0.01 versus sham. Representative micrographs show the localization of TGF-� type I receptor (C
and D) and TGF-�1 (E and F) in the kidneys at 7 days after UUO (D and F) or sham operation (C and E). Both TGF-�1 and T�R-I are specifically induced in
renal tubular epithelia after UUO (F and D). Asterisk indicates positively stained tubules for both TGF-�1 and T�R-I in serial sections. Scale bar, 20 �m.
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acterized adhesion receptor found within adherens-type
junctions, plays an essential role in maintaining the struc-
tural integrity of renal epithelia and in epithelial polariza-
tion,31,32 its loss consequently allows destabilization of
the structural integrity of renal epithelium and makes cells
dissociate from their neighbors and lose polarity. E-cad-
herin is linked to the actin filament network by catenins, a
family of intracellular adhesive junction proteins. The im-
portance of E-cadherin for development of normal epi-
thelium has been established by knock-out of its gene in

mice33 and by its role in embryonic epitheliogenesis dur-
ing early nephrogenesis.34 Recent results further demon-
strate that suppression of E-cadherin expression alone,
by the transcription factor Snail, induces EMT in carci-
noma cells.35,36

Because tubular epithelial cells and myofibroblasts lo-
cate in separate tissue compartments in vivo, disruption
of TBM will be of fundamental importance in clearing the
path for transformed cells to migrate toward interstitium.
In light of the fact that MMP-2 specifically cleave native
type IV collagen and laminin,24,37 the principal proteins
found in the TBM, our results on induction of MMP-2
during TGF-�1-initiated EMT provide significant insights
into the mechanism underlying the destruction of TBM in
vivo (Figures 4 and 5). In accordance with this, incubation
of Matrigel, which essentially reconstitutes TBM as shown
by the similarity in its structure, composition, physical
property, and ability to retain functional characteristics
typical of TBMs in vivo,20 with conditioned media from the
transformed cells results in drastic destruction of its
structural and functional integrity as evidenced by the
bacterial translocation assay (Figure 5). Of note, induc-
tion of MMP-2 expression occurs at 48 hours after
TGF-�1 incubation in vitro (Figure 4) and at 3 days after
UUO in vivo (Figure 10), suggesting that destruction of
TBM is a delayed event that follows loss of epithelial
adhesion as well as �-SMA de novo expression during the
entire course of tubular epithelial to myofibroblast transi-
tion. It is of interest to note that because TGF-�1 does not
increase MMP-2 abundance in cultured rat renal intersti-
tial fibroblast (NRK-49F) cells (data not shown), this in-
duction of MMP-2 expressions in vivo is contributed, at
least in a large part, by tubular epithelial cells under
pathological conditions.

Because the transformed cells have to enter interstitial
compartments, it is essential for them to acquire the
motile and invasive capacity to eventually migrate into
peritubular interstitium. The reorganization of actin cy-
toskeleton, and induction of �-SMA, may provide a struc-
tural foundation not only for defining the morphology of

Figure 9. Alterations of protein expression pattern in the obstructed kidneys recapitulate key events in tubular epithelial to myofibroblast transition. Kidney
sections were prepared from mice at 7 days after either UUO or sham operation and stained with various specific antibodies. Representative micrographs show
the alterations in protein expression pattern after UUO. A and C: Sham-operated mice. B and D: UUO mice. A and B: E-cadherin. C and D: �-SMA. Scale bar, 20
�m. Arrowheads indicate positively stained cells. E: Western blot demonstrates a time-dependent alteration in the expression of E-cadherin and �-SMA in the
obstructed kidneys after UUO. Representative pictures show the results of two animals per time point.

Figure 10. Induction of renal MMP-2 and -9 expressions in vivo. Kidney
tissues were collected from mice receiving UUO at different time points as
indicated. A: Zymographic analysis of whole kidney lysates indicates that
renal MMP-2 and -9 expressions were markedly induced in a time-dependent
manner. B: Graphic presentation of the relative abundance (fold induction)
of MMP-2 and MMP-9 in the kidneys at different time points after UUO.
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the transformed cells,38,39 but also for them to migrate,
invade, and even acquire the capacity for contractility.
The observation that the transformed cells are more mo-
tile suggests that the enhanced motility could readily
allow them to migrate through the TBM, which is already
destructed by elevated MMP-2 as discussed above, to-
ward the interstitial compartment. The transformed cells
could, in reality, combine the efforts of simultaneous de-
struction of TBM and migration. Such a notion is experi-
mentally confirmed by the Matrigel invasion assay, in
which transformed cells grown on top of Matrigel gels
have the ability to destroy and migrate through a recon-
stituted TBM matrix. Of note, TGF-�1 promotion of HKC
cell motility and invasion is also a late event that occurs
after long periods of incubation. This suggests that en-
hanced cell motility could be a consequence resulting
from the tubular epithelial to myofibroblast conversion. In
addition, myofibroblasts are morphologically intermedi-
ate between fibroblasts and smooth muscle cells.4–6 Like
fibroblasts, they produce interstitial matrix components
including collagens I and III and fibronectin; and like
smooth muscle cells, they retain �-SMA expression and
have the ability to contract.40,41 The possibility of these
transformed cells to attain contractility, as evidenced by the
well-assembled �-SMA microfilament fibers, implies that
contraction could potentially be another powerful force
leading the transformed cells toward the interstitium.

Major key events during EMT, such as loss of epithelial
adhesion, de novo expression of �-SMA, and induction of
TBM-degrading enzymes, are recapitulated in the dis-
eased kidneys in an animal model of renal interstitial
fibrosis. The fact that rapid, tubule-specific induction of
TGF-�1 axis in the obstructed kidneys suggests that,
similar to in vitro situation, TGF-�1 is also responsible for
initiating epithelial to myofibroblast transition in vivo. How-
ever, suppression of E-cadherin expression in vivo does
not significantly precede other alterations (Figure 9). This
discrepancy between in vitro and in vivo studies is prob-
ably because of the nature of heterogeneity in cell pop-
ulation in the diseased kidneys. Unlike cultured epithelial

cells with homogeneous population, the response of tu-
bular cells in vivo is more complex so that loss of E-
cadherin at an early time point in a small percentage of
the cell population may not be readily detected by West-
ern blot analyses of whole kidney lysate. Consistent with
this notion, loss of E-cadherin staining is observed in
renal epithelia in the areas that otherwise are relatively
normal (Figure 9), suggesting that disruption of epithelial
adhesion perhaps is an early event in vivo as well. None-
theless, we cannot exclude the possibility that in vivo
once tubular epithelial cells are initiated to undergo EMT,
they may be programmed to progress by simultaneously
inducing suppression of E-cadherin, �-SMA expression,
and TBM destruction.

TGF-�1, as a sole factor, initiates and completes the
entire EMT course that consists of four key steps. This
extraordinary ability of TGF-�1 leads one to re-think its
roles and mechanisms in progressive renal fibrosis.
TGF-�1 is widely considered as a key modulator of organ
fibrosis after a wide variety of tissue injuries.27,28,42 Al-
though TGF-�1 stimulation of fibroblasts to become acti-
vated is well documented, little is known about the effects
of TGF-�1 on tubular epithelial cells in renal fibrogenesis.
Ironically, it is in the tubular epithelium where TGF-�1
receptors are rapidly and specifically up-regulated in
diseased kidneys43 (Figure 8), suggesting that tubular
epithelial cells are the natural targets of TGF-�1 under
pathological conditions in vivo. Our current results indi-
cate that the pro-fibrogenic role of TGF-�1 is mediated, at
least in part, by promoting myofibroblast activation via
inducing tubular epithelial to myofibroblast transition.

In summary, the results of our study suggest that tu-
bular epithelial to myofibroblast transition is an orches-
trated, highly regulated, step-wise process that depends
on hyperactive TGF-�1 signaling. Hence, disruption of
any of these key steps could potentially offer unique
opportunities to block the EMT process and, thereby, to
inhibit myofibroblast activation and prevent renal intersti-
tial fibrogenesis.

Figure 11. Schematic illustration depicting four
key events during tubular epithelial to myofibro-
blast transition. The diagram illustrates the four
key events essential for the completion of entire
EMT course at cellular level, which include: 1)
loss of epithelial adhesion properties, 2) de novo
expression of �-SMA and actin reorganization,
3) disruption of the TBM, and 4) enhanced mi-
gration and invasive capacity of the transformed
cells. TGF-�1 as a sole factor is capable of in-
ducing tubular epithelial cells to undergo all four
steps.
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